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Abstract Technological advancement in combustion
systems of diesel engines triggers the need of fulfilling
many contradictory requirements. Among those are such
issues as maintenance of environmental standards in terms
of the exhaust emissions with a simultaneous preservation
of the thermodynamic properties of the combustion process
and fuel consumption. The paper discusses the results of
research on the influence of the strategies of fuel dose
division on the combustion process and operational indexes
in a model engine. The paper also contains an exhaust gas
analysis conducted with the use of a rapid compression
machine. The investigations of the combustion process
(development of the self-ignition spots) were conducted
using high speed camera. The recorded images related to
the period from the onset of the injection to the beginning
of the appearance of combustion spots have also been
analyzed. The following have been varied: number of
doses, size of doses, dwell times and excess air coefficient.
The authors performed a comparative analysis of the
thermodynamic indexes of the combustion process
obtained from the indicator tracings. The achieved results
show possibilities of the influencing on the combustion
process course and emission of exhaust toxic compounds
by application of multiple injection and its properly
selected strategy containing proportions in fuel doses and
dwell times between them.
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Introduction

Technological advancement in combustion systems of
diesel engines triggers the need of fulfilling many contra-
dictory requirements. Among those are such issues as
maintenance of environmental standards in terms of the
exhaust emissions with a simultaneous preservation of the
thermodynamic properties of the combustion process and
fuel consumption. The fulfillment of the above mentioned
requirements requires appropriate strategies of fuel dose
division.

Earlier works of the authors were related to the issues of
fuel injection [1-3] and research of the combustion of
diesel fuel in compression ignition engines [4]. The cur-
rently conducted research joins the two issues in the aspect
of the influence of diesel fuel dose division on the initial
stages of self-ignition. The methods of injection and
atomization of diesel fuel are currently an important
research problem [5-7].

Literature analysis related to the application of the latest
solutions in fuel dose division indicates the following facts:

(a) Literature analysis [8] shows that the division of the
injected fuel into two doses has a significant impact
on the emission of HC and CO. In a situation when
the first dose is greater than the second one an
increase in the hydrocarbons and nitric oxides
emission was observed at a simultaneous reduction
of the emission of particulate matter. An increase in
the pilot dose also resulted in an increase in the
combustion noise level and the emission of NO,.
These effects were reduced by extending of the
injection dwell time. Similar effects were observed
in research [9] when a small pilot fuel dose was
applied. The investigations presented in [10, 11] also
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indicate a reduction of the emission of particulate
matter;

(b) The results of the investigations presented in [12, 13]
indicate an improvement in the fuel combustion and
consequently a reduction of the fuel consumption
through fuel dose division (as compared to a single
fuel dose injection);

(c) From the investigations presented in [9] results the
dependence of the NO, emission from the size of the
first fuel dose: a large pilot fuel dose increases the
homogeneity of the charge and a reduction of the
NO, emission can be obtained through a delay of the
injection of the main fuel dose. In a situation when
the injection angle of the first fuel dose was
increased by 20°-25° a lower emission of HC and
CO was observed;

(d) Literature analysis [8, 13] is related to an engine
fitted with an exhaust recirculation system. During
the engine operation less oxygen is supplied with the
intake air and the fuel dose division results in better
mixing of fuel and air inside the cylinder. Owing to
the application of fuel dose division a drop in the
emission of NO, and PM was obtained.

() The results of the investigations presented in [14]
indicate that the application of 25 % of the mass of
the injected fuel in the final fuel dose may lead to a
reduction of the emission of particulate matter.

Research on combustion process course are very
important regarding application of new alternative fuels
(e.g., the biodiesel produced by transesterification of soy-
bean oil [15-17] ) and rapeseed oil and biomass [18-20]
which can be applicated instead conventional ones.

The authors’ own research based on the knowledge
related to these aspects allowed an assessment of the
combustion processes and its thermodynamic indexes in
relation to the exhaust emissions. Optical investigations of
the combustion processes constituted a supplement to the
indicator research and allowed determining of the intensity
of formation of the self-ignition spots (hot flames)
depending on the applied fuel injection strategy.

Specific objectives

The research related to the fuel dose division and its
combustion was conducted with the use of a rapid com-
pression machine (RCM)—Fig. 1. The system parameters
were precisely described in [3]. The information contained
there indicates the possibility of reflecting of the real
engine thermodynamic parameters of the self-ignition
process in an RCM. A pneumatic actuation of the piston
movement (the pressure of 5 MPa) allowed an obtainment
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Fig. 1 Rapid compression machine used in the investigations of the
development of self-ignition (figure by authors)

Fig. 2 Optical access to the combustion chamber in the rapid
compression machine (figure by authors)

of the compression pressure on the level of 4 MPa. The
values of the compression pressure correspond to typical
direct injection diesel engine pressures.

The investigations of the combustion process (develop-
ment of the self-ignition spots) were conducted using High
Speed Star 5 camera (by LaVision). The footage was
recorded with the filming rate of f = 5 kHz, which allowed
obtaining images with the time shift of # = 200 ps and the
resolution of 768 x 768 pixels. The optical access to the
combustion chamber was realized from the side of the
piston crown through a quartz glass installed in the cylinder
guide—Fig. 2.

The investigations of the combustion process were made
with an analysis of the concentration of the exhaust com-
ponents. The analysis is difficult because only a small
amount of the exhaust is tested whose mass flow is not
continuous (Fig. 3). For this reason the tests were repeated
three times presenting an average value from these mea-
surements. The analysis of the spreads indicates 10 %
changes during the measurements of the exhaust components
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Fig. 3 Measurement methodology of concentrations of the exhaust gases compounds in the RCM

Table 1 Plan of the investigations of the injection and combustion in
the RCM

Parameter Value
Optical research
Gpitot! 0
Gmain/ %0 100
tinj/ms 0.3; 0.6; 0.9
Piyj/MPa 50; 100
Indicator research
Gpitod T 0; 25; 50; 75
Gmain/ % 100; 75; 50; 25

qo/mg @ P;,i/MPa 9.4 mg @ 30 MPa
14.0 mg @ 50 MPa

23.3 mg @ 80 MPa

Fig. 4 Fuel dose division strategies in the investigations on the
combustion of diesel fuel in the RCM

at the measuring point. In the tests the authors used an
exhaust emission analyzer of the accuracy: CO—0.01 %,
HC—10 ppm and NO,—2 ppm.

One of aims was to identify the relation between com-
bustion using one dose and combustion using two doses.
Furthermore important is to determinate which dose should
be bigger to improve combustion. Therefore were used four
strategies. In the investigations the following values were
varied (Table 1): the number of doses (1 or 2 fuel doses),
the size of the fuel doses (3 settings: in the proportions
0/100; 25/75; 50/50 and 75/25), the dwell times (2 settings:
7 and 14 ms) and the air excess coefficient (3 settings:

A =1.23; 2.0 and 3.0)—Fig. 4. Based on the empirical
research a comparative evaluation was performed of the
thermodynamic indexes obtained from the indicator tracing
(Peyi-maxs (dPcyi/df)max, of the delay time of cold and hot
flames) in connection with the images.

The conditions inside the cylinder during the injection of
the individual fuel doses were determined based on the
indicator tracing of the pressure inside the cylinder—
Fig. 5.

First case: early pilot injection:

e Dwell time: 14 ms

e Piston position during the injection of the pilot dose:
17 mm before TDC

e Temperature inside the cylinder during the injection:

(a) Of the pilot fuel dose: 610 K £ 10 K
(b)  Of the main fuel dose: 775 K £ 10 K

Second case: late pilot injection:

e Injection dwell time: 7 ms

e Piston position during the pilot injection: 7 mm before
TDC

e Temperature inside the cylinder during the injection:

(a) Of the pilot fuel dose: 700 K + 10 K
(b) Of the main fuel dose: 775 K = 10 K

The analysis of the injection of diesel fuel required
determining of the fundamental quantities related to the
fuel injection: the pilot and the main fuel doses (Fig. 6).
Similar quantities were determined to describe the com-
bustion process:

(a) For the pilot fuel dose:

o fypgp—recorded time of the electric injector
opening,

o tpe—recorded time of the electric injector
closing,

® fuwp = tewpE—leuwp—time of the electric injector
remaining opened
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Fig. 5 Geometrical conditions

N o . dwell time At
of the piston position during a At=7msor14ms - 6
two-stage injection with varied !
injection dwell times 3 g
[T
0
_ 550
3
£ 500 | n A AN MWVM
& .
450 - 100 ¢
—50 5
L 1 g g_
80 - 0 <
< | I =y
AT N
_40 B T T T T T T T T
20 30 40 50 60 70 80 90 100 110
Time/ms
Fig. 6 Determination of the 8- 8-
quantities related to the 6- Pilot 2 Main
injection of the pilot and the = 4
main fuel doses S >
=)
:
-2
340-, /
5 8204
£ 300 \/\__
c
o, 280
260“ T T T T T
525 53.0 4.2 645 648 651 654 657 66.0 66.3
fetrPB Time/ms
_ 328 t P, Pnjavbar |
g 312+ 0,000 302,868
S 206 VW] 58 ik VRS
264, T T T T T T T T T T
000 001 002 003 004 005 006 007 008 009 0.10
Time/ms
e tsorp—recorded time of the hydraulic injector ® fouM = teumE—tuomp—time of the electric injec-
opening determined based on the pressure of the tor opening
injected fuel Pj,; (drop in its value), e fsor.m—Tecorded time of the hydraulic injector
e fporp—recorded time of the hydraulic injector opening determined based on the pressure of the
closing determined based on the pressure of the injected fuel Pi,; (drop in its value),
injected fuel Piy; (increase in its value), e fgor.m—recorded time of the hydraulic injector
®  fuprp = fsorp—Ilcwpp—time of the hydraulic closing determined based on the pressure of the
delay of the injector opening; injected fuel Pj,; (increase in its value),
® IyprMm = tSO]_M—tCtrMB—time of the hydraulic
delay of the injector opening;
(b) For the main dose:
e f.ump—recorded time of the electric injector (c) For the combustion:

opening,
t.ume— recorded time of the electric injector
closing,
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® fsocrc—time of thermodynamic onset of cold
combustion (i.e., cold flames) determined based
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Fig. 8 The analysis of the self-ignition process of diesel fuel made at

on the increase of the polytropic exponent of the
compression (determined based on the in-cylin-
der pressure),

tsoc_m—time of thermodynamic onset of com-
bustion of the main fuel dose; determined based
on the change of the polytropic exponent of
compression whose significant growth indicates
positive heat release.

The values of the indicated pressure were determined
based on the following equation:

— EpcylAV

1
VEna — Vo )

L
where V, is the volume of the cylinder when the piston
starts to move and Vg,q—is the cylinder volume when the
decompression ends; the time of these changes was iden-
tified as 110 ms.

different injection pressures and times

The characteristic points of the graph shown in Fig. 6
indicate the importance of the problem of hydraulic delay
of the injector opening during the injection. Such condi-
tions are particularly important when determining the
injection dwell times. The extent of the hydraulic delay of
the injection of individual fuel doses influences the injec-
tion duration and, at the same time, the size of the fuel dose
injected in each part of the multiple injection. During the
tests, the hydraulic delay of the injection of both the pilot
and the main doses was 0.4 ms. This is a value that may
correspond to the injection time of a pilot dose of a mini-
mum size. The analysis of the injection times from Fig. 6
indicates that irrespective of the size of the fuel doses a
constant value of the hydraulic delay was obtained, which
can be deemed as a systematic error. It results from the
characteristics of the injector operation and it was inde-
pendent from the fuel injection pressure and time.
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The determination of the characteristic points of the
process consisted in determining of the onset of the cold
combustion (cold flames) of the pilot fuel dose and the
onset of the combustion of the main fuel dose (Fig. 7).

From the presented data it results that there is a pos-
sibility (based on the polytrophic exponent) of determin-
ing of the cold and hot flames based on the indicator
research. Yet, based on such research one can only obtain
average values of the process, which does not allow their
full characteristics. For this reason, for the determination
of the onset of hot flames (flame combustion) the authors
utilized optical research presented in the next section of
the paper.
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Results and discussion

The optical analysis of the development of the self-ignition
process was conducted for varied injection pressures and
for three different injection times (Fig. 8).

The analysis of the images from Fig. 8 indicates an
increase in the intensity of the development of early flame
processes (hot flames) when a large fuel dose is injected or
when the injection pressure is high. The analysis of the
images indicates a relation between the size of the fuel
dose and the delay time of the self-ignition. Based on the
footage the authors observed that the delay of the hot
flames of the main injection (fs,c_n) is shorter when small
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Fig. 11 The concentrations of the exhaust components obtained for varied fuel dose divisions and varied air excess coefficient (P;,; = 80 MPa;

J = 1.23; 2.0; 3.0)

fuel doses are injected. This is true for the hot flame delay
during both the fuel injection with 50 MPa and the fuel
injection with 100 MPa.

The indicator research was carried out according to the
research plan contained in Table 1. Additionally, as was
presented in Fig. 5 tests were made with two injection
dwell times (7 and 14 ms). The research on the multiple
injection was compared to the research on the single
injection. Indexes of the combustion process were obtained
in the form of a maximum cylinder pressure Pgy;_max, mean
indicated pressure p; determined according formula (1) and
the times of occurrence of cold (fsocrc) and hot (tsoc—m)
flames. These times pertain to the pilot and main injection
respectively—Fig. 9.

The analysis of the maximum pressure inside the cyl-
inder indicates a possibility of reaching greater values
when multiple injection is applied. Yet, the different dwell
times slightly influence the obtained values of Py max. An
decrease in the share of the pilot fuel dose leads to the
reaching of the highest pressures inside the cylinder. The
analysis of the mean indicated pressure, however indicates
that the maximum work of the cycle is proportional to the
maximum cylinder pressure. The lowest values of this
index were obtained with division of fuel dose and longer
dwell time.

The time of occurrence of cold flames is determined for
the divided fuel dose only as it pertains to the pilot injec-
tion. The shortest times, irrespective of the injection dwell
times were obtained for even fuel dose division. With a

small pilot fuel dose cold flames appear earlier when the
dwell times are shorter. This means that the pilot fuel dose
is injected to a hotter cylinder charge, which results in a
shorter period of the cold flame delay.

The delay time of hot flames was determined for all
types of injected fuel doses. An increase in the pilot fuel
dose decreases the delay of the hot flames. This results
from an sufficient time for a proper evaporation and
atomization of the first fuel dose. This may also mean that
the second fuel dose reaches the position of the first fuel
dose and increases the fuel concentration in certain areas of
the combustion chamber. A modification of the size of the
pilot fuel dose at its early injection results that the hot
flames delay time remains changed (shorter time). This
means that during such an injection there is sufficient time
from the onset of the pilot fuel dose. The time of occur-
rence of hot flames is dependent of the size of the main fuel
dose (small main fuel dose leads to shorter start of com-
buStiOH—tsoc_M).

An increase in the pilot fuel dose increases the maxi-
mum of heat release and increases maximum heat release
rate in the both cases of this fuel dose (shorter and longer
dwell time)—Fig. 10. The maximum value of the heat
release is bigger in the case of longer dwell time, but the
maximum value of heat release rate is the same in the both
cases.

The investigations of the combustion and the analysis of
the indexes of this process were supported with an analysis
of the concentration of the exhaust components during the
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RCM operation. There were analyzed the values of the
concentrations measured at the fuel injection pressure of
80 MPa and the injection time 1.2 ms divided into portions
as shown in Fig. 11. The results were presented for three
air excess coefficients: 1.23, 2.0 and 3.0. Figure 11 shows
the results ordered in the form of constant fuel dose divi-
sions for two injection dwell times.

An injection of a small pilot dose (25 %) of small dwell
times indicates a reduction of the concentration of CO,
particularly for low and high excess air coefficients.

Similar trends were observed for hydrocarbons and
nitric oxides. The lowest values of the concentrations of the
individual exhaust components are observed when the
charge combustion is realized with the air excess coeffi-
cient of /4 = 2. The concentrations of CO and HC at such
an air excess coefficient are independent from the method
of fuel dose division and independent from whether the
fuel dose is divided or not. A characteristic phenomenon is
the occurrence of the maximum concentration of nitric
oxides at the air excess coefficient of 4 = 2. This denotes
the best course of combustion in terms of the after burning
of the carbon monoxide with a simultaneous occurrence of
high maximum temperatures of the process. These tem-
peratures facilitate the formation of large amounts of nitric
oxides.

The conducted research proves a large potential for the
reduction of the exhaust emissions through fuel dose
division. The research also indicates much greater benefits
if supercharging is applied. This is hinted by the similar
values of the CO, HC and NO, concentrations when the
fuel dose is divided and lean mixtures are combusted

Conclusions

The presented investigations indicate a possibility of
application of fuel dose division in diesel engines.

The conducted research and its analysis allow a for-
mulation of several conclusions:

(a) The usage of the distribution of the dose resulted in
an increase of the maximum combustion pressure
and the indicated mean effective pressure (IMEP);

(b) The increase of the pilot dose increases the maxi-
mum combustion pressure and IMEP;

(c) Cold and hot flames are delayed for any strategy
using fuel dose division;

(d) The time of occurrence of cold flames is the shortest
when the fuel dose division is even and then it is
independent of the injection dwell times;

(e) The time of occurrence of hot flames is determinable
based on the analysis of the indicator tracing, yet,
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better results are achieved when optical analysis is
applied; The times are shorter when the injection
dwell times are greater;

(f) An increase in the pilot fuel dose increases the
maximum of heat release and increases maximum
heat release rate in the both cases of this fuel dose
(shorter and longer dwell time). The maximum value
of the heat release is bigger in the case of longer
dwell time, but the maximum value of heat release
rate is the same in the both cases.

(g) Fuel dose division contributes to a reduction of the
concentration of the exhaust emission components.
The most ecologically advantageous air excess
coefficient is 4 = 2 at which the influence of the
fuel dose division is the least important in terms of
the reduction of the exhaust emissions. The best
results in the reduction of the emission of nitric
oxides are obtained when the fuel dose is divided
25/75 % at low excess air coefficients. An increase
in the value of the excess air coefficient results that
any fuel dose division is appropriate.

References

1. Wistocki K, Pielecha I, Czajka J, Stobnicki P. Experimental and
numerical investigations into diesel high-pressure spray—wall
interaction under various ambient conditions. SAE Paper
2012-01-1662. 2012. doi:10.4271/2012-01-1662.

2. Pielecha I. Modeling of gasoline fuel spray penetration in SIDI
engines. Int J of Automot Technol. 2014;15:47-55. doi:10.1007/
$12239-014-0005-y.

3. Wislocki K, Pielecha I, Maslennikov D, Czajka J. Analysis of
bio-diesel spray atomization in common-rail piezoinjector sys-
tem. SAE Paper 2010-01-2282. 2010. doi: 10.4271/2010-01-
2282.

4. Pielecha I, Borowski P, Cieslik W. Investigations into high-
pressure diesel spray-wall interaction on reduction of exhaust
emission from DI diesel engine. SAE Paper 2014-01-1250. 2014.
doi:10.4271/2014-01-1250.

5. Crua C, de Sercey G, Heikal M, Gold M. Dropsizing of near-
nozzle diesel and RME sprays by microscopic imaging. 12th
Triennial international conference on liquid atomization and
spray systems (ICLASS), Heidelberg, 2-6 September 2012

6. Demory R, Crua C, Heikal MR. Laser-induced fluorescence
investigation of nitric oxide formation and hydroxyl radicals in a
diesel rapid compression machine. SAE Paper 2010-01-1508.
2010. doi:10.4271/2010-01-1508.

7. Diez A, Zhao H. Investigation of split injection in a single cyl-
inder optical diesel engine. SAE Paper 2010-01-0605, 2010.
doi:10.4271/2010-01-0605.

8. Benejes J, Molina S, Novella R, Amorim R, Ben H, Hamouda H,
Hardy JP. Comparison of two injection systems in an HSDI diesel
engine using split injection and different injector nozzles. Int J
Automot Technol. 2010;11:139-46.

9. Peng Z, Liu B, Wang W, Lu L. CFD investigation into diesel
PCCI combustion with optimized fuel injection. Energies.
2011;4:517-31.


http://dx.doi.org/10.4271/2012-01-1662
http://dx.doi.org/10.1007/s12239-014-0005-y
http://dx.doi.org/10.1007/s12239-014-0005-y
http://dx.doi.org/10.4271/2010-01-2282
http://dx.doi.org/10.4271/2010-01-2282
http://dx.doi.org/10.4271/2014-01-1250
http://dx.doi.org/10.4271/2010-01-1508
http://dx.doi.org/10.4271/2010-01-0605

Combustion process shaping by use of multiple fuel injection

703

10.

11.

12.

13.

14.

15.

Beatrice C, Del Giacomo N, Guido C. Benefits and drawbacks of
compression ratio reduction in PCCI combustion application in
an advanced LD diesel engine. SAE Paper 2009-01-1447. 20009.
doi:10.4271/2009-01-1447.

Weiskirch C, Muller E. Advances in diesel engine combustion:
split combustion. SAE Paper 2007-01-0178. 2007. doi:10.4271/
2007-01-0178.

Mendez S, Thiouard B. Using multiple injection strategies in
diesel combustion: potential to improve emissions, noise and fuel
economy trade-off in low CR engines. SAE Paper 2008-01-1329.
2008. doi:10.4271/2008-01-1329.

Yu W, Liu B, Li Y, Su Q, Pei Y, Su W. A hybrid combustion
control strategy for heavy duty diesel engines based on the
technologies of multi-pulse injections, variable boost pressure
and retarded intake valve closing timing. SAE Paper 2011-01-
1382. 2001. doi: 10.4271/2011-01-1382.

Poorghasemi K, Ommi F, Yaghmaei H, Namaki A. An investigation
on effect of high pressure post injection on soot and NO emissions in
a DI diesel engine. ] Mech Sci Technol. 2012;26:269-81.

Andrade RDA, Faria EA, Silva AM, Araujo WC, Jaime GC,
Costa KP, Prado AGS. Heat of combustion of biofuels mixed
with fossil diesel oil. J Therm Anal Calorim. 2011;106:469-74.
doi:10.1007/s10973-011-1408-x.

16.

17.

18.

19.

20.

Prado AGS, Andrade RDA, Braga JWB, Suarez PAZ. Thermal
diesel-like analysis. Quality control by thermal and chemometric
analysis. J] Therm Anal Calorim 2012;110:865-72. doi: 10.1007/
s10973-011-1862-5.

Zhang Q, Saleh ASM, Chen J, Sun P, Shen Q. Monitoring of
thermal behavior and decomposition products of soybean oil. An
application of synchronous thermal analyzer coupled with Fourier
transform infrared spectrometry and quadrupole mass spectrom-
etry. J Therm Anal Calorim. 2014;115:19-29. doi 10.1007/
$10973-013-3283-0.

Tutunea D. Thermal investigation of biodiesel blends derived
from rapeseed oil. J Therm Anal Calorim. 2013;111:869-75.
doi:10.1007/s10973-012-2213-x.

Todaka M, Kowhakul W, Masamoto H, Shigematsu M, Onwona-
Agyeman S. Thermal decomposition of biodiesel fuels produced
from rapeseed, jatropha, and coffee oils with different alcohols.
J Therm Anal Calorim. 2013;113:1355-61. doi:10.1007/s10973-
013-3056-9.

Magdziarz A, Wilk M. Thermal characteristics of the combustion
process of biomass and sewage sludge. J Therm Anal Calorim.
2013;114:519-29. doi:10.1007/s10973-012-2933-y.

@ Springer


http://dx.doi.org/10.4271/2009-01-1447
http://dx.doi.org/10.4271/2007-01-0178
http://dx.doi.org/10.4271/2007-01-0178
http://dx.doi.org/10.4271/2008-01-1329
http://dx.doi.org/10.4271/2011-01-1382
http://dx.doi.org/10.1007/s10973-011-1408-x
http://dx.doi.org/10.1007/s10973-011-1862-5
http://dx.doi.org/10.1007/s10973-011-1862-5
http://dx.doi.org/10.1007/s10973-013-3283-0
http://dx.doi.org/10.1007/s10973-013-3283-0
http://dx.doi.org/10.1007/s10973-012-2213-x
http://dx.doi.org/10.1007/s10973-013-3056-9
http://dx.doi.org/10.1007/s10973-013-3056-9
http://dx.doi.org/10.1007/s10973-012-2933-y

	Combustion process shaping by use of different strategies of multiple fuel injection in a CI model engine
	Abstract
	Introduction
	Specific objectives
	Results and discussion
	Conclusions
	References


